Abstract: Spotted knapweed is a prohibited noxious weed that is primarily controlled with auxinic herbicides. A population collected from a managed rangeland in East Kootenay, BC, was highly resistant to both clopyralid and picloram, with R/S ratios of >25 600 and 28, respectively. This is the first report of resistance in spotted knapweed. 
Spotted knapweed (Centaurea stoebe subsp micranthos) is a prohibited noxious invasive species establishing and replacing native rangeland habitat critical for sustaining wildlife and domestic animals across the northwestern United States and southern British Columbia and Alberta (Watson and Renney 1974; Sheley et al. 1998) . Spotted knapweed is a biennial or short-lived perennial that can form a monoculture in poor range conditions in as little as one season (USDA 2015) . Spotted knapweed is a prolific seed producer and survives winter as a rosette and bolts to produce seed in the spring. It tends not to be grazed by animals. It thrives under a wide range of conditions and can easily withstand disturbances, all of which contribute to its rapid establishment and invasiveness (Watson and Renney 1974; Sheley et al. 1998) .
Provincial laws regulate invasive species to protect endangered habitats. Spotted knapweed is a noxious species in British Columbia under the Weed Control Act (Government of British Columbia 2011) and a prohibited noxious species under the Alberta Weed Act (Government of Alberta 2010), which requires all plants to be destroyed and rendered non-viable. Herbicides are currently the most common method of control for spotted knapweed; currently-registered herbicide active ingredients include 2,4-D, dicamba, picloram, clopyralid, aminopyralid, and aminocyclopyrachlor, all of which are synthetic auxin herbicides (Senseman 2007) . Synthetic auxins mimic naturally occurring plant hormones (indole acetic acid (IAA)) and may use the same auxinbinding protein (ABP) sites to enter the plasma membrane.
Auxins regulate gene expression of auxin responsive factors (ARFs) through the promotion of degradation of Aux/IAA (auxin/indole acetic acid) transcription factors via binding to the complex of the transport inhibitor response (TIR)/auxin-signaling F-box (AFB), which are protein components of the Skip, Cullin, F-Box (SCF) (Christoffoleti et al. 2015; Mithila et al. 2011) . Different types of auxinic herbicides exhibit different binding affinity to the TIR complex. Uncontrolled gene expression of ARFs leads to increased synthesis of plant hormones (abscissic acid (ABA) and ethylene), resulting in excessive plant growth, epinasty, and cell death in sensitive plants (Christoffoleti et al. 2015) .
Heavy reliance and repeated use of herbicides with similar modes of action for weed control has greatly increased the selection of herbicide resistant weed populations (Heap 2015) . Resistance to synthetic auxins has been reported in 32 weed species worldwide, and seven include resistance to herbicides in the picolinic acid chemical family, most of which are also resistant to multiple synthetic auxin chemical families (Heap 2015) . Two Centaurea species have been reported to be resistant to synthetic auxins. Centaurea solstitialis in Washington State was selected for resistance to picloram along roadsides and was later classified as cross-resistant to clopyralid, triclopyr, dicamba, and 2,4-D (Fuerst et al. 1996; Miller et al. 2001) . Centaurea cyanus was observed in Poland to be resistant to dicamba in winter wheat fields (Heap 2015) .
In the fall of 2012, a putative clopyralid resistant spotted knapweed biotype was identified from an extensively managed rangeland in the East Kootenays of British Columbia at Mount Broadwood. A detailed herbicide history was not available, but this area has received repeated applications of clopyralid and plants have survived the recommended rate of 252 g a.i. ha −1 . During the winter of 2013, a small replicated greenhouse experiment with limited seed from this site was conducted and >95% of spotted knapweed seedlings survived a clopyralid rate of 600 g a.i. ha −1 . Survivors were vernalized and allowed to flower for a seed increase and seed was harvested in winter 2013 for the resistant (R) population. Susceptible seed (S) was obtained from mature plants the summer of 2013 near Vernon, BC from an area with no known herbicide history. Separate dose-response experiments for clopyralid, 2,4-D, picloram, and aminopyralid were conducted to further quantify the level of herbicide resistance in the Mount Broadwood spotted knapweed population. Resistant (6 seeds) and susceptible (4 seeds) spotted knapweed were seeded in 4 in square pots and allowed to grow for approximately 2 wk until plants had three true leaves. The number of plants per pot varied from 3-5 depending on the emergence of each biotype. Biotype-specific herbicide doses were applied as fractions of the following recommended label rates: clopyralid (120 g a.i. ha 8, 16 or 32 times the recommended label rates and susceptible biotypes received 0, 0.25, 0.5, 1, 2 or 4 times recommended label rates. Herbicides were applied using a moving track cabinet chamber sprayer calibrated to deliver 200 L ha −1 at 207 kPa using an Air Bubble Jet 110015 nozzle. Immediately after treatment, trays were placed in a greenhouse. Natural light was supplemented with 16 h of artificial light and temperature was maintained at 21°C. Pots were watered and shifted daily to limit positional effects. Experimental design was a nested randomized complete block design with 4 replicates, where individual plants were nested within an individual pot, with 3-5 plants per pot and each pot was a separate experimental unit. Aboveground fresh weight was quantified 15 d after treatment (DAT) for each plant. Data was first fit to a linear mixed model in the lsmeans package of R (v.0.98.1091) to account for nested effects. Least-square means for individual herbicide treatments were used to create dose-response curves in the dose-response curve (drc) package of R (v.0.98.1091) for each experiment by fitting data to a four-parameter log-logistic curve (Fig. 1) . Dose-response curves were used to determine the effective dose required to reduce aboveground biomass by 50% compared with untreated controls (GR 50 ). The resistance ratio (resistant/ susceptible, R/S) of GR 50 values for resistant and susceptible populations was calculated.
Clopyralid resistance was confirmed in the resistant spotted knapweed population with the estimated GR 50 value 32 times higher than the recommended label rate, while the susceptible population were controlled at the label rate (252 g a.i. ha −1 ) and had a GR 50 value of 0.148 of the recommended label rate (Table 1) .
Resistance ratios show strong cross-resistance to picloram (27.85), less to aminopyralid (2.25), and no cross-resistance to 2,4-D (1.76). In the absence of herbicide, there were no consistent morphological differences between susceptible and resistant biotypes. Considerable variation in individual plant biomass was observed in spotted knapweed treated with clopyralid and picloram. Some plants were injured while others appeared unaffected. This suggests a heterogeneous biotype, which could be further selected for herbicide resistance. For aminopyralid and 2,4-D, chosen rates were higher than those required for a 50% reduction in above ground biomass, which resulted in high standard error values for GR 50 estimates (Table 1) . Clopyralid rates of 32 times the recommended rate did not significantly decrease aboveground biomass of the resistant biotype, and higher rates would be required to accurately estimate GR 50 for this biotype. Limited amounts of susceptible seed prevented the use of additional doses and replication of dose-response experiments.
Resistance to clopyralid has only been reported twice worldwide and both cases were detected in populations selected for resistance to picloram (Heap 2015) . Yellow starthistle (Centaurea solstitialis) from Washington State was reported to be resistant to picloram (5.6), clopyralid (3.7), triclopyr (2.4), dicamba (5.1), and 2,4-D (3.2) (Miller et al. 2001) . Resistance inheritance in this population of yellow starthistle was attributed to a single recessive gene (Sabba et al. 2003) . They suggested resistance was due to an altered auxin receptor (AFB) that could confer selective resistance to picolinic acids, similar to that identified in picloram-resistant Arabidopsis mutants (Walsh et al. 2006) . Unlike auxinic resistance in wild mustard (Hall and Romano 1995) , resistant knapweed plants showed normal growth; however, following herbicide treatment, plants showed some epinasty without tissue necrosis. This may indicate a resistance mechanism that interferes with the complex between TIR1, AFBs or Aux/IAA (Christoffoleti et al. 2015) . This is the first resistant spotted knapweed population reported and the first case of a weed reporting a high level of clopyralid resistance. More research is needed to investigate possible resistance mechanisms. Auxinic resistance will limit the potential herbicidal control options for spotted knapweed, which if left uncontrolled, may potentially affect up to 10 million ha of western Canada, with projected forage losses of $13 million annually (USDA 2015). Resistance ratio (R/S) was calculated by dividing the GR 50 value of resistant population by that of the susceptible population.
